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Previewsraises the interesting possibility that
different supercomplexes could cope
with diverse physiological functions,
some probably yet to be identified, thus
supporting the requirement of the pro-
posed dynamic rearrangement.
The latest advances in the field are
therefore shading light into the dynamic
reorganization of the MRC enzymes
into supercomplexes/respirasomes, their
functional roles, biogenetic pathways,
and contributing factors. Despite the
multiple questions remaining, it is time to
overcome skepticism about the reality of
mitochondrial supercomplexes.REFERENCES
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In this issue of Cell Metabolism, Mounier et al. (2013) show that AMPKa1 is a crucial contributor to the regen-
eration of damaged muscle tissues, acting in macrophages at the nexus between proinflammatory debris
removal and resolution of muscle tissue inflammation.The hallmark of communities in advanced
countries is that they can repair structural
damage, regain basic amenities, and
function efficiently when their infrastruc-
ture is damaged by natural or man-made
disasters. These communities have the
resources to overcome the damage
and to recreate a functional society by
coupling salvage and debris removal
with simultaneous rebuilding of infrastruc-
ture. Similarly, after a traumatic injury or
damage to muscle tissue, Mounier et al.
now show that efficient remodeling of
damaged muscle tissue requires rapid
recruitment of leukocytes, neutrophils,
and macrophages, coupled with regener-
ation relying on de novo myogenesis,
which together lead to improved recov-
ery. The authors identify a critical role for
AMPKa1, a trimeric AMP kinase in macro-
phages, in promoting both debris removal
and muscle regeneration that form part of
this recovery process (Figure 1).AMPK kinases monitor the energy sta-
tus of cells. The source of energy in a
cell for all biological organisms is ATP,
and the by-product of its breakdown,
AMP, is a substrate for the AMP kinases
(AMPK). These kinases are regulated by
LKB1, CaMKKb, or Tak1 kinases, which
phosphorylate the key residue T172.
AMPKa is part of a complex consisting
of a1 or a2, b1 or b2, and g1, g2, or g3
subunits, which together negatively con-
trol the ATP consuming pathways and
activate ATP formation via glucose uptake
and mitochondrial biogenesis (Steinberg
and Kemp, 2009). This key energy-sus-
taining metabolic role is utilized in macro-
phages that are activated after traumatic
injury or muscle damage.
To study the role of AMPK in muscle
regeneration after injury, Mounier et al.
use the cardiotoxin-induced injury model,
which recapitulates the specific pathology
observed in muscle after trauma or sur-gery, namely inflammation, tissue necro-
sis, macrophage infiltration, and satellite
cell activation, and ultimately de novo
myogenesis. A key step in this process is
the coupled transition or switch from the
proinflammatory, debris-removing M1
macrophages to the tissue-resolving M2
macrophages, which regulate rebuilding
via de novo myogenesis by engaging
activated satellite cells. The authors find
an accumulation of necrotic tissue after
damage, along with a delay in the disap-
pearance of phagocytosed myofibers,
in AMPKa1 null mice, suggesting inade-
quate debris removal in this genetic back-
ground. Further investigation showed a
deficit in the acquisition of the M2 pheno-
type in a macrophage subset that signals
the initiation of the regenerative pro-
cess. Indeed, a careful examination of
myeloid-specific knockout mice (LysM-
a1/), which lack AMPKa1 specifically
in the myeloid lineage, showed a loss of8, August 6, 2013 ª2013 Elsevier Inc. 149
Figure 1. Recovery fromMuscle Damage Depends on AMPKa1-Mediated Phagocytosis and
Macrophage Skewing
This model reflects the critical importance of AMPKa1 in macrophages for efficient removal of muscle
debris after tissue damage by phagocytosis and initiation of the resolution of inflammation by skewing
toward the M2 macrophages crucial in regeneration and myogenesis. At the top, AMPKa1 in M1 macro-
phages promotes clearance of debris from muscle damage (shown as pink squares). In the lower panel,
AMPKa1 functions in M2 macrophages to enhance regeneration of muscle cells (blue and red).
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(84%), leading to a subtle but significant
accrual of M1 macrophages based on
a 33% increase in iNOS expression.
In contrast, the same mice show a
decrease in both M2a and M2c
markers, corresponding to alternative
activation and anti-inflammatory states,
respectively.
Muscle rebuilding and regeneration are
mediated by satellite cells, locally derived
mesenchymal cells that eventually ac-
quire a mature myoblast phenotype. Pre-
viously reported work (Sherwood et al.,
2004; Murphy et al., 2011) has shown the
critical role of muscle-derived Pax7+ and
TCF4+ satellite cells as a crucial cellular
source for the regeneration of muscle tis-
sue after such damage. Notably, in the
complete AMPKa1 null mice there were
no specific changes in neutrophils or
the number of satellite cells, suggesting
that absence of AMPKa1 does not inter-
fere with the normal trauma response
within the muscle tissue. However, both150 Cell Metabolism 18, August 6, 2013 ª201in the AMPKa1 null mice and in the
targeted LysM-a1/ mice, the phago-
cytotic activity of macrophages was
decreased, suggesting a link between
phagocytosis and a delay in the regenera-
tive process.
What may be the role of AMPKa1 in the
M1 to M2 transition? The authors hypoth-
esize that recognition of necrotic cell
debris by macrophages and the resultant
increase in Ca2+ concentrations within the
microenvironment may lead to activa-
tion of Ca2+-dependent CaMKKb. This
enzyme is known to phosphorylate and
activate AMPKa, leading to increased
phagocytosis and the initiation of acquisi-
tion of the proresolving M2 phenotype,
which triggers muscle regeneration via
myogenesis. Disruption of this process
by removal of AMPKa1 both globally or
in a targeted manner leads to impaired
macrophage skewing and is sufficient to
delay the downstream effects such as
completion of myogenesis and normaliza-
tion of muscle cross-sectional area. Inter-3 Elsevier Inc.estingly, while the transplantation of wild-
type bone marrow into the AMPKa1 null
mice provided some relief to the macro-
phage skewing defect in the null mice, it
did not completely restore the kinetics of
the downstream myogenesis. This partial
inability to fully rebuild and re-engage
myogenesis could be due to the potential
importance of AMPKa1 in other cell types
such as fibro-adipogenic precursors
(Heredia et al., 2013). These specialized
cell types can exhibit phagocytotic activ-
ity, which may be crucial to signal the
switch from the M1 proinflammatory to
the proresolution-inducing anti-inflamma-
tory M2 phase.
Collectively, the article byMounier et al.
highlights three key findings that signifi-
cantly impact our view of repair and re-
covery from trauma and muscle tissue
damage:
1. The presence of AMPKa1 is critical
for the normal process of macro-
phage skewing, including a timely
transition from M1 to M2 macro-
phages, which is required for
proper regeneration.
2. Myeloid-specific removal of
AMPKa1 in LysM-a1/ mice is
sufficient to impair this process,
underlining the importance of
AMPKa1 in this specific cell
lineage.
3. Phagocytosis, a crucial step that
signals to the microenvironment
that debris removal has begun, is
intricately linked to the initiation of
regeneration and the subsequent
completion of the myogenic recov-
ery phase.
Mounier et al. have shown that in addi-
tion to the obvious steps controlling en-
ergy homeostasis relevant to metabolism,
AMPK, specifically AMPKa1, is a crucial
contributor to efficient tissue remodeling,
building on an emerging nexus between
the timing of proinflammatory debris
removal and the resolution of inflamma-
tion. Future studies could further explore
this link to myogenesis by identifying the
signals that emanate from skewedmacro-
phages to promote muscle regeneration.
Furthermore it would be interesting to
learn whether and how AMPKa1 activity
in macrophages alters the mesenchymal
cell milieu in the muscle to allow tissue
rebuilding, and whether there are
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Previewsdifferences between lean versus fat-en-
riched muscles that undergo such
trauma. Finally it will be interesting to
explore whether ‘‘financing’’ efficient re-
modeling via activation of AMPK presents
a viable therapeutic opportunity for indi-
viduals recovering from surgery or
trauma.REFERENCES
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Extensive transcriptional networks maintain sterol homeostasis across species, underscoring the impor-
tance of sterol balance for healthy life. Magner et al. (2013) now show that, in C. elegans, the nuclear receptor
NHR-8 is key in regulation of cholesterol balance and production of dafachronic acid, a bile acid-like steroid
that controls longevity.Cholesterol is a structural component of
cell membranes and a precursor of
steroid hormones and bile acids, and is
therefore essential for development and
health. Both cholesterol excess and
cholesterol deficiency can have detri-
mental effects on health, and a myriad of
regulatory processes have thus evolved
to control the metabolic pathways of
sterol metabolism. Much of our knowl-
edge of these systems, their rate-
controlling processes, and how they
mechanistically affect health and life
span comes from studies on the nema-
tode C. elegans. Nematodes are auxotro-
phic for sterols: in contrast to mammals,
they cannot synthesize cholesterol, and
dietary supply is therefore essential for
survival (Kurzchalia and Ward, 2003). A
few years ago, a cholesterol metabolite
called dafachronic acid (DA) was shown
to modulate life span in C. elegans
through activation of the nuclear receptor
DAF-12 (Gerisch et al., 2007). DAF-12 is
related to the vertebrate Farnesoid X
receptor (FXR) (Gerisch et al., 2007) and
has been shown to play an important
role in the choice between reproduc-tive development and the dauer dia-
pause, a long-lived state activated under
unfavorable environmental conditions in
C. elegans.
The pathway of DA synthesis from
cholesterol in C. elegans has been eluci-
dated in earlier work of Antebi and col-
leagues, but until now little was known
about the transcription factors involved
in regulation of cholesterol homeostasis
itself. Exactly this missing link is ad-
dressed by Magner et al. (2013) in this
issue ofCell Metabolism. The authors pre-
sent evidence showing that NHR-8, the
C. elegans homolog of the vertebrate
nuclear receptor LXR, regulates choles-
terol balance and, by doing so, DA
synthesis and signaling.
Magner et al. (2013) identified nhr-8 in
RNAi enhancer screens on daf-36/Rieske
oxygenase null mutants, which are char-
acterized by diminished DA levels. When
kept in growth media lacking cholesterol,
nhr-8 mutants show increased dauer
formation along with gonadal migration
defects, two phenotypes characteristic
of reduced DA signaling. Accordingly,
induced loss of nhr-8 also resulted inreduced levels of DA. Magner et al. found
that NHR-8 is primarily expressed in
nuclei in the intestine, which constitutes
the major metabolic organ of C. elegans.
Detailed studies then examined DNA
binding domain- and ligand binding
domain-defective nhr-8 mutants, as well
as a series of other mutants with affected
cholesterol-DA metabolism that were
grown in the absence or presence of
dietary cholesterol. These studies con-
vincingly demonstrate that nhr-8 exerts
its regulatory functions, at least in part,
through modulation of DA signaling via
daf-12 through interference with choles-
terol availability for DA production. nhr-8
deficiency decreased DA content, partic-
ularly in the absence of cholesterol in the
culture medium. The nhr-8mutant pheno-
types could be rescued by supplementa-
tion of cholesterol or its precursors as
well as by DA itself. nhr-8 mutants also
showed changes in the expression levels
of genes involved in fatty acid metabolism
such as fat-2, fat-5, fat-7, and elo-1 and,
accordingly, in the relative contents of
saturated versus mono- and polyunsatu-
rated fatty acids. Interestingly, although8, August 6, 2013 ª2013 Elsevier Inc. 151
